Alkali and alkaline earth aluminoborate glasses feature high resistance to cracking under sharp contact loading compared to other oxide glasses. However, due to the high content of hygroscopic B2O3, it is expected that applications of these glasses could be hindered by poor chemical durability in aqueous solutions. Indeed, the compositional and structural dependence of their dissolution kinetics remains unexplored. In this work, we correlate the dissolution rates of aluminoborate glasses in acidic, neutral, and basic solutions with the structural changes induced by varying the aluminum-to-boron ratio. In detail, we investigate a total of seventeen magnesium, lithium, and sodium aluminoborate glasses with fixed modifier content of 25 mol%. We show that the structural changes induced by alumina depend on the network modifier. We also demonstrate a correlation between the chemical durability at various pH values and the structural changes in Mg-, Li-and Na-aluminoborate glasses. The substitution of alumina by boron oxide leads to a general decrease of chemical corrosion in neutral and acidic solutions. The lowest dissolution rate value is observed in Mg-aluminoborate glasses, as a consequence of the intermediate character of magnesium which can increase the network cross-linking. For basic solutions, the chemical durability is almost constant for the different amount of alumina in the three series, likely because B2O3 is susceptible to nucleophilic attack, which is favored in high-OH -solutions.
I. INTRODUCTION
The commercial applications of oxide glasses can in many cases be limited by their chemical durability.
Although borate-based glasses are good candidates for various applications, including solid-state batteries [1] , special lasers [2] , radiation dosimeters [3] , seals [4] , matrices for immobilization of high-level wastes [5] and biomaterials [6] , they generally exhibit low chemical durability due to the high solubility of boron oxide in water [7, 8] . There is thus a need for understanding the dissolution mechanisms and the compositional and structural dependence of chemical durability in acidic, neutral, and basic solutions. In oxide glasses [7, 9, 10] , the main reactions, which can occur when the glasses are immersed in aqueous solutions, are (i) hydrolysis or the breaking of network former-oxygen bonds and, (ii) ion-exchange or diffusion of modifiers (M + and M
2+
). Unlike network formers (such as SiO2 or B2O3) that provide the network backbone, network modifiers (such as alkali or alkaline earth oxides) play a supporting role. This includes rupture of bridging bonds to create non-bridging oxygens or charge-balancers of tetrahedral network former units. The dissolution kinetics are correlated with the rigidity and connectivity of the glass network, as the penetration and attack of water molecules is less impeded in flexible compared to rigid glass networks [11, 12] .
In alkali borate glasses [13, 14] , two types of boron polyhedra, trigonal (B III ) and tetrahedral (B  IV ) units, are present, and the alkali cations either serve to charge stabilize B IV or create non-bridging oxygens on Magnesium aluminoborate glasses were found to exhibit the highest hardness and intermediate crack resistance. Magnesium cations can play the role of network-former [22] and, hence, be responsible for the increase of network cross-linking, as well as the increase of hardness. As such, crack resistant aluminoborate glasses could find interesting applications, but might be hindered by poor chemical durability in aqueous solutions due to the high content of hygroscopic B2O3.
The chemical resistance to water attack in aluminoborate glasses is expected to increase with increasing fraction of four-fold coordinated boron [8] , higher degree of network cross-linking, and the substitution of B-O by Al-O bonds, as the former are more susceptible to nucleophilic attack [7, 8] . However, the structural dependence of chemical durability in borate glasses containing alumina remains poorly understood. In this work, we perform nuclear magnetic resonance (NMR) spectroscopy measurements to determine the structural changes induced by the introduction of Al2O3 in borate glasses with the presence of mono-or divalent modifiers (Li ). The dissolution kinetics of these glasses are studied through the measurement of the weight loss and the leaching of magnesium, lithium and sodium modifier cations in aqueous solutions of varying pH. We show a correlation between the structural changes as a result of composition variation and the glass dissolution rates, providing an improved understanding of the glass dissolution mechanisms. This work is thus the first step towards the prediction and design of new aluminoborate-based glasses with specific chemical durability and mechanical properties.
II. EXPERIMENTAL A. Sample preparation
We have investigated aluminoborate glasses with different modifiers and Al/B ratio. The three selected composition series (in mol%) were: (i) 25MgO·xAl2O3·(100-x)B2O3 with x=15, 20, 25, and 30; (ii) 25Li2O·xAl2O3·(100-x)B2O3 with x=5, 10, 15, 20, 22.5, and 25; and (iii) 25Na2O·xAl2O3·(100-x)B2O3 with x=5, 10, 15, 20, 25, 27.5, and 30. The glass series are referred to as MAB-x, LAB-x, and NAB-x, respectively (see Table 1 ). These seventeen glasses were prepared using the melt-quenching method by mixing batches of the following reagent grade materials: MgCO3 (Acros Organics), Li2CO3 (Ph Eur. ≥99.5%, Merck), Na2CO3 conjunction with a Varian VNMRs spectrometer and 3.2mm MAS NMR probe. Powdered samples were contained in 3.2mm zirconia rotors and spun at rates of 20 kHz. Typically 400 scans were co-added, using 0.6 µs pulse widths (p/12 tip angle) and recycle delays of 4 s. All MAS NMR data were processed without extra line broadening (apodization) and plotted against the frequency standards of aqueous boric acid (19.6 ppm) and aqueous aluminum nitrate (0.0 ppm). Spectra were fit using DMFit [25] and quantitation of the different boron and aluminum sites was performed by integrating the fitted peak areas and applying a small correction for the overlapping satellite transition due to B IV sites [26] .
11 B 3Q MAS NMR data were also collected at 11.7 T, using the standard three pulse, z-filtered experiment, where the hard 3p/2 and p/2 pulse widths were calibrated to be 2.8 and 1 µs, and following a short delay of 50 µs, a soft z-filter reading pulse of 20 µs was used. 24 to 48 transients were collected for each of 160 t1 points, and then processed using Agilent VnmrJ software, which included proper shift referencing and shearing of the 2D datasets.
C. Property characterization
Density (r) of the annealed glasses was measured at room temperature using the Archimedes method. The weight of each glass was measured in ethanol using a balance measuring to ±0.1 mg. The measurement was repeated ten times for each glass. Based on the measured density, the atomic packing density (Cg) was calculated by assuming that the constituent atoms are spheres with known ionic radius [27] . That is, six-fold coordination for the alkali and alkali-earth cations, two-fold coordination for oxygen anions, and three-to six-fold coordination for B and Al atoms based on this work and our previous contributions [19, 20] . For the modifier ions, we note that a detailed structural study would be necessary to determine the actual coordination number, which is not only six especially for Mg 2+ . However, such determination is experimentally challenging and thus outside the scope of the present study. Cg can be calculated as " = $%& ' ()/+,-. /01 2 3 451 6 3 78
where for the ith constituent with chemical formula AxBy, fi is the molar fraction determined by ICP-OES and MAS NMR results (see Table S1 in Supplemental Material [28]), rA and rB are the ionic radii, Mi is the molar mass, and Na is Avogadro's number.
For the dissolution rate measurements, samples of each aluminoborate composition were first cut to rectangular shapes and their faces were polished using 4000-grit SiC paper at the final step. Afterwards, they
were cleaned with distilled water under ultrasonication for 5 min and then with acetone under ultrasonication for 5 min, and finally dried in an oven at 105 °C for 1 h. The weight and geometric surface area were measured. Aqueous solutions (50 mL) of 2 mM HCl, distilled water, and 0.5 M KOH were used to obtain pH values of 2, 7, and 14, respectively. For each experiment, the solid-to-liquid ratio was selected to be low enough to avoid any saturation effect. The bulk dissolution rate of each glass was determined by measuring the weight loss after immersion of the bulk samples in the three aqueous solutions at room temperature as a function of time (t). The experiment was done twice for each glass composition in each solution. The pH of the media was measured as a function of dissolution time using a pH meter (M220-X9541) and maintained constant throughout the experiments by adding basic or acid solutions. Note that the duration of the dissolution test was adjusted for each glass (from 32 h to 9 days) to achieve substantial values of weight loss.
In addition to studying the bulk dissolution rates of the samples, the leaching of magnesium, lithium, and sodium modifier ions was also investigated after each immersion time. The concentrations of Mg
2+
, Li + and Na + (in ppm) were determined using atomic absorption spectrometry (AAnalyst 100, Perkin Elmer).
III. RESULTS
A. Deconvolution of 27 Al and
11

B MAS NMR spectra
To determine how the addition of alumina affects the structure of the Mg, Li, and Na aluminoborate glasses, we have performed 27 Al and 11 B MAS NMR spectroscopy measurements. Due to the large number of NMR spectra (seventeen glasses) and the qualitative similarities, we here only show the 27 Al and 11 B MAS NMR spectra for the Mg-series (Fig. 1) . The spectra for the remaining glasses (Li-and Na-series) are shown in Fig.   S1 in the Supplemental Material [28] . The spectra are fitted using DMFit [25] and proper lineshapes for both quadrupolar nuclei. In the case of 27 Al MAS NMR data for glasses, the CZSimple model, incorporating a
Czjzek distribution of the quadrupolar interaction, provides accurate simulation of the highly asymmetric MAS NMR peaks (Fig. 1a ) [29] . Fitting of 11 B MAS NMR data is more straightforward in that 2 nd -order quadrupolar lineshapes are sufficient for all B III peaks, and due to the very small quadrupolar coupling constant, a combination of Gaussian and Lorentzian lineshapes accurately reproduces the B IV peaks (Fig. 1b) .
The 27 Al NMR spectra reveal three main peaks corresponding to Al IV , Al V , and Al VI at ~60, ~32, and ~5 ppm, respectively [30] , while the 11 B NMR spectra show two main peaks attributed to B III and B IV at ~17
and ~0 ppm, respectively [31] . However, the peak assigned to B III can be further deconvoluted into two distinct but overlapping peaks, which correspond to trigonal ring (B (Table 1 ) and the aluminum and boron speciation (see Table S1 in the Supplemental Materials [28]). Significant differences in the shortrange structure are found as a function of modifier and alumina content. In the Mg-aluminoborate glasses, which is also contrary to that found for the Mg-series (Fig. 2a) . The Na-series exhibits qualitatively the same dependence of the network former fractions on Al/B ratio as the Li-series ( and lower decrease of B III when Al2O3 is introduced in the Na-series compared to the Li-series. In conclusion, the Al-for-B substitution leads to a more efficient removal of B IV than B III units, but the propensity towards removing B IV is decreasing in the order Na>Li>Mg, i.e., with increasing field strength (ratio of charge to size) of the modifiers.
C. Boron ring vs. non-ring units
In sodium aluminoborate glasses [19] , there is a preference for the modifier cations to charge-balance aluminum over boron tetrahedra, which is also the case for sodium boroaluminosilicate glasses [32] .
However, the presence of five-and six-fold coordinated aluminum units suggests that more B IV species could be charge-balanced at the expense of Al IV . In the borate network of the present glasses, the majority of the trigonal boron signal is assigned to B III ring sites [15, 33] 
D. Glass transition temperature
The composition dependence of glass transition temperature (Tg), density (ρ), and atomic packing density (Cg) for the three glass series is illustrated in Fig. 3 . The data is also summarized in Table 1 . We observe an overall increase of Tg (Fig. 3a) and ρ ( Fig. 3b) with [Al2O3] in the magnesium aluminoborate glasses. On the other hand, and as previously reported [19] , the Li-and Na-glasses exhibit an initial decrease in Tg with increasing amount of alumina, but Tg then reaches a minimum around 20 and 25 mol% Al2O3, respectively.
With additional Al2O3, Tg increases for these glasses. In the Al2O3-rich region ([Al2O3]-[M2O] ≥ 0), the 27 Al NMR results reveal the formation of Al V and Al VI species, which could be responsible for the higher degree of polymerization of the Al/B network, i.e, network becomes more rigid, and explains the sudden increase in
Tg. In the Mg-series, the fraction of Al V and Al VI units are higher than that of Al IV and in addition, the magnesium can act as network former (e.g, four-fold coordination) in the studied compositional range, inducing a higher degree of network cross-linking and thus elevated Tg values.
E. Atomic packing density
We next consider the trends in density values of the Li-and Na-series (Fig. 3b) . In the range of compositions between 5 and 20 mol% Al2O3 (B2O3-rich glass), the atomic mass of sodium is higher than that of lithium, leading to a higher density for the Na-containing glasses. Nevertheless, the difference in density decreases with increasing alumina content (Al2O3-rich glass), which could be because the Li-glasses exhibit a more efficiently packed structure compared with the Na-glasses. The atomic packing density can illustrate the difference in free volume of the network, as Cg represents the ratio between the minimum theoretical value of volume occupied by the constituent atoms and the molar volume of the glass. Indeed, Fig. 3c shows an initial decrease of Cg with increasing alumina from 20 and 25 mol% Al2O3 in the Li-and Na-glasses. The packing density is associated to the average of coordination number, i.e, the change in five-or six-coordinated Al-species directly affects the Cg values. In the Al2O3-rich regime of Li-and Na-series, there is an increase of Al V,VI species and the slope of Cg decreases (a plateau of Cg is observed, see Fig. 3c ). For the Mg-containing compositions, the partial network-former character of magnesium could counteract the aluminum effect, and
the Cg values are approximately independent of Al/B ratio in the studied regime.
F. Dissolution kinetics: weight loss curves
We tested the chemical durability of the magnesium, lithium, and sodium aluminoborate glasses in acidic 
Here, M represent a modifier atom. In acidic solutions, reaction (2) 
For all three glass series, we observe a decrease of dissolution rate (Dr) in acidic and neutral solutions with increasing Al2O3 content (Fig. 4) . However, in basic media, the chemical durability (i.e., inverse of Dr)
is approximately independent of Al/B ratio for the Mg-series (Fig. 4a) and slightly decreasing for Li- (Fig.   4b ) and Na-series (Fig. 4c) . The protonation process (Eqs. 
H. Dissolution kinetics: modifier leaching
We have also studied the leaching of magnesium, lithium, and sodium modifier ions after each immersion time. This gives rise to a large dataset, so here we only show the time dependence of the concentrations of Considering the other glass compositions, we observe the same congruent leaching of Mg 2+ in acidic and neutral solutions for the studied range of alumina content (15-30 mol%) (see Fig. 5a and Fig. S22 in the Supplemental Material [28]). In basic solutions, the measured concentration of Mg 2+ is always lower than that calculated, likely because the magnesium ions can partly act as a network former [37, 38] and are thus less able to be extracted from the glass network. Indeed, it appears that the degree of non-congruency at pH=14 increases with increasing field strength (Mg 
IV. DISCUSSION
The dissolution behavior is related to various factors such as atomic packing density, the rigidity of the network, modifier field strength (Mg 2+ , Li + and Na is found with increasing modifier field strength in borate [39] and aluminoborate glasses [24] , as high-field strength modifier cations form stronger bonds with oxygen [23, 40] . Here, in agreement with the expected relation between field strength and dissolution kinetics, we find the highest Dr values for glasses with highfield strength magnesium modifiers (Fig. 4) . In this work, we use the structural information obtained from NMR studies to understand the trends in chemical durability of the aluminum-boron varying glasses.
In the compositional regime up to 15 mol% Al2O3, boron is the major network species with only a minor fraction of aluminum in predominantly four-fold coordination. In borate glasses, the Li + and Na + cations are charge-balancing B IV , but the introduction of Al2O3 causes a fraction of them to charge-balance Al IV , leading to a lower concentration of B IV and hence lower steric impediment in the B2O3 environment.
Therefore, it is easier for water to penetrate the borate network, which is susceptible to nucleophilic reaction (Eq. 3), independent of the solution pH. This explains why the dissolution rates of Li-and Na aluminoborate glasses for pH values 2, 7, and 14 are similar (Fig. 4) , when the water corrosion is mainly controlled by hydrolysis reactions (Eqs. 3 and 5). Note that Dr values for pH = 2 in the Li-series are slightly higher than those in neutral and basic solutions, which could be because a higher fraction of Li + ions are acting as charge-balancer for B IV in comparison with NAB-5 and NAB-10 glasses, thus favoring the protonation reaction (Eq. 4).
In the compositional regime between 15 and 25 mol% Al2O3, the chemical durability in neutral and acid solutions increases with the addition of alumina for all three modifiers. However, the magnitude of the decrease in Dr with the increase in Al2O3 content from 15 to 25 mol% in both neutral and acidic media is highest for the Na-series. To better understand the relation between structure and chemical durability, we determine and represent in Fig. 6 the variation in Dr between the glass with 15 mol% Al2O3 and that with 25 mol% for pH = 2 and 7 and its corresponding variation in ; ) (Δ ; ) ). Here ; ) is the fraction of tetrahedral to total boron species calculated from the 11 B MAS NMR data. Note that we select ; ) because the B2O3 network features high solubility in water, i.e., the boron fraction is found to be the best indicator of the glass dissolution rate. Fig. 6 shows that a higher variation of ; ) is directly related to a higher variation in Dr at neutral and acidic pH values. The Na-series exhibits the highest ; ) change, i.e, the highest variation in Dr. In the three series, the presence of high aluminum oxide content in the borate network leads to a higher degree of polymerization, which directly affects the corrosion by hydrolysis, i.e, the higher the rigidity, the lower is Dr. Hence, the alumina addition can have a higher influence in neutral solutions, where the hydrolysis and protonation reactions are strongly coupled (Eqs. 2 and 3). This could explain why the variation in Dr is higher at pH = 7 in the three series. Besides, these results confirm the important impact of the network former speciation, especially that of boron, on chemical durability in this compositional range. In borate glasses [8] , Dr decreases with increasing fraction of B IV units, but in the present aluminoborate glasses, the opposite behavior is observed. This might be related to the number of rigid bond constraints [11, 12] associated with tetrahedral boron in these glasses. That is, preliminary modeling work suggests that although B IV has more two-body bond stretching constraints than B III , it does not have any rigid three-body bond bending constraints. Additional work is needed to clarify this.
In the compositional regime above 25 mol% Al2O3, the Al/B network is more rigid and the hydrolysis and protonation reactions are thus impeded. As expected, the highest degree of network cross-linking blocks the penetration of water in the aluminoborate glasses, leading to higher Dr for pH values of 2 and 7 in comparison to lower alumina containing glasses. On the other hand, we have found a lack of composition dependence for high pH dissolution, mainly due to the hydrolysis reaction (Eq. 5), which is favored in solutions with a higher concentration of OH -, together with the high solubility of B2O3, independently of the modifier.
V. CONCLUSIONS
The structural dependence of dissolution kinetics in magnesium, lithium, and sodium aluminoborate glasses have been investigated by 27 Al and .001 g cm -3 , and ±0.001, respectively. Data for Na-glasses are taken from Ref. [19] . , and ±0.001, respectively. (c) 27 Al MAS NMR shift (ppm) [19] 
